In the present study we have investigated the role of the hydrophobic domains of the fowl plague virus (FPV) haemagglutinin (HA) on its intracellular transport and maturation in insect cells. To this end processing of full-length HA (A +) has been compared to that of two truncated forms lacking either the cytoplasmic domain and the transmembrane domain (A-) or lacking the entire HA2 subunit, i.e. the transmembrane domain and the fusion peptide (HA~). All glycosylation sites present on A-and HA~-were glycosylated, indicating that both truncated forms were completely translocated in the endoplasmic reticulum. Unlike A +, A-and HA~ did not form trimers as indicated by cross-linking, gradient centrifugation and studies employing conformation-specific antibodies. Whereas HA~ was efficiently secreted, A-was retained in the cells in an apparently membrane-bound form. The data show that the carboxy-terminal transmembrane region is essential for the formation and stability of the trimers of the FPV HA. These observations also indicate that, under certain conditions, the fusion peptide of the FPV HA can serve as a membrane anchor.
Introduction
The haemagglutinin (HA) of influenza A virus is a homotrimeric class I membrane glycoprotein. Each monomer has three hydrophobic domains. These are the signal sequence at the amino terminus of the primary translation product, the fusion peptide at the amino terminus of the proteolytic cleavage fragment HA2, and the membrane anchor close to the carboxy-terminal end of the protein. The signal sequence targets the nascent polypeptide to the membrane of the endoplasmic reticulum (ER) and initiates translocation, whereas the membrane anchorage domain terminates translocation and enables a stable interaction of the protein with membranes. The signal sequence and membrane anchor are therefore responsible for insertion and orientation of glycosylation in the membrane. The fusion peptide, on the other hand, is essential for the function of the HA as an initiator of infection. After exposure by proteolytic cleavage (Klenk et al., 1975; Lazarowitz & Choppin, 1975) and conformational change at low pH (Skehel et al., 1982) , it presumably penetrates into the lipid bilayer of the target cell membrane and triggers the fusion process between viral envelope and cellular membrane that is required for the entry of the viral genome into the cytoplasm. Evidence has been obtained from studies on t Present address: Osaka University of Pharmaceutical Sciences, 10-65 Kawai 2-chome, Matsubara, Osaka 580, Japan paramyxoviruses that the fusion peptide is not sufficiently hydrophobic to halt translocation when in an internal position on the nascent polypeptide, but that on cleavage-activation the threshold of hydrophobicity of the new amino-terminal fusion peptide is effectively lowered to allow stable interaction with membranes (Paterson & Lamb, 1987) .
Studies on serotypes H2 and H3 have shown that removal of the membrane anchorage domain yields soluble HA. This has been accomplished either by enzymatic cleavage of the spikes from mature virus particles (Brand & Skehel, 1972) or by expression of recombinant HA lacking the membrane anchor in tissue culture cells of vertebrate origin (Gething & Sambrook, 1982; Doyle et al., 1986) . It was recently shown that efficient transport and secretion of anchor-free HA did not depend on trimerization. Depending on the serotype, trimers were either not formed, or appeared during passage through the late compartments of the secretory pathway, with no effect on the rate of transport. However, anchor-free HA which had misfolded after inhibition of glycosylation was found to be retained in ER of CV-1 cells as disulphide-linked complexes associated with the luminal binding protein, BiP. These studies showed that, when correctly folded, anchor-free H2 and H3 HAs still containing the fusion peptide as an internal hydrophobic sequence were efficiently secreted in monomeric form (Singh et al., 1990) .
When expressed in insect cells by using baculovirus vectors, full-length H7 HA has been found to be correctly inserted into membranes, to display receptor binding and fusion activities, and to elicit neutralizing antibodies similar to HA derived from vertebrate cells (Kuroda et al., 1986 (Kuroda et al., , 1989 , although trimerization and, as a result, the subsequent processing steps were retarded and less efficient . A difference in comparison to vertebrate cells was also observed in glycosylation. When HA was expressed in insect cells, the complex oligosaccharides found on HA obtained from vertebrate cells were replaced by truncated side-chains (Kuroda et al., 1990) .
In the present study we have expressed H7 HA with carboxy-terminal truncations in insect cells and, for comparison, in vertebrate cells using a simian virus 40 (SV40) vector. We have found that, in contrast to serotypes H2 and H3, the anchor domain as well as the fusion peptide have to be deleted in order to obtain HA secretion. The results suggest that, after loss of the anchor domain of the H7 HA, its function can be exerted by the fusion peptide.
Methods

Cells and viruses.
The Spodopterafrugiperda cell line Sf9 was used for the propagation of Autographa californica nuclear polyhedrosis virus (AcMNPV). The methods employed in virus infection and purification were detailed elsewhere (Kuroda et al., 1986 . HA eDNA from fowl plague virus (FPV), strain A/FPV/Rostock/34 (H7N 1), was used (Kuroda et al., 1986) .
HA mutants. Mutant A-contained a truncated HA lacking the carboxy-terminal amino acids including the membrane anchor and the cytoplasmic tail. For this purpose the complete FPV HA gene in pUC8 was digested with TthlllI and ligated to a translation terminator introduced downstream of nucleotide 1570. The mutated HA gene was excised from the plasmid by BgllI cleavage and recloned into the Bam Hl site of pAc373 and pAcYM 1. The orientation of the HA gene in these vectors was determined by double cleavage with the restriction endonucleases EcoRI and EcoRV and nucleotide sequence analysis.
The HA gene of these constructs contains 39 non-coding nucleotides at the 5' end, the HA-specific non-coding region of 21 nucleotides and an 18 nucleotide tail from cloning events. Deletion of such 5' noncoding regions from foreign genes has been recommended to optimize expression (Luckow & Summers, 1988) . Therefore, this region was removed by site-directed mutagenesis. An EcoRV-EcoRI fragment containing part of the polyhedrin promoter region and part of the HA gene was excised from pAcYM1/A-and was cloned into the EcoRIEcoRV site of M 13mp19 using an EcoRV linker. A 24-mer oligonucleotide consisting of 10 nucleotides at the 3' end and 14 nueleotides at the 5' end of the desired mutation was used to delete the region. Correct deletion was proven by sequence analysis, and the mutant, designated A-Mu27, was recloned into the pAcYM1 vector.
Mutant HA~, lacking the entire HA2 subunit, was the result of spontaneous mutation of the HA gene in a baculovirus recombinant. The mutant gene was isolated by the polymerase chain reaction (PCR), cloned in pUC8, and sequenced. The nucleotide sequence data demonstrated that an additional A at position 1036 (amino acid 321) was present. Insertion of this new nucleotide created a frameshift, generating a stop codon 14 amino acids downstream of the proteolytic cleavage site.
Oligonucleotide-directed mutagenesis. Site-directed mutagenesis was performed using the oligonucleotide in vitro mutagenesis system (Amersham Buchler). This technique is based upon the method described by Nakamaye & Eckstein (1986) in which the mutated strand contains thionucleotides. This strand is protected against restriction cleavage with Nctl and can be selected after exonuclease digestion. The oligonucleotide primer ACCTATAAATATGAACACTCAAAT was used for annealing to ssDNA PCR. A fragment from recombinant AcMNPV DNA was amplified by PCR following the protocol described previously (Ausubel et al., 1989) . Amplification was performed in 24 cycles using 2 ~tg genomic DNA as a template and the oligonucleotides AGAGGCATTGCGAC as an upstream primer and TTATATACAAATAGTGCACCGCAT as a downstream primer. Denaturation was done at 94 °C for 2 min, annealing at 48 °C for 2 min and elongation at 72 °C for 2 min.
AcMNPVDNA andplasmid DNA. AcMNPV DNA was prepared by previously described methods (Liibbert & Doertter, 1984a, b) with modifications. Cells and cell debris were removed from the growth medium of AcMNPV-infected Sf9 cells by centrifugation at 4000 g for 10 min. Subsequently, virions were pelleted through 20~ sucrose (w/w in 10mM-Tris-HCl pH7.6, 10mM-EDTA) at 25000 r.p.m, in a Beckman SW28 rotor for 30 min. The pellet was resuspended in a solution of 10 mM-Tris-HCl pH 7.6, 10 mM-EDTA. Proteinase K was added to a final concentration of 200 ~tg/ml and the mixture incubated for 1 h at 50 °C. After addition of sodium N-lauroyl-sarcosine to a final concentration of 1%, the sample was incubated for 1 h at 50 °C. For transfection the viral DNA was purified by CsC1--ethidium bromide gradient centrifugation as described previously (Liibbert & Doerfler, 1984a, b) . Plasmid DNAs were prepared by the alkaline lysis method.
DNA transfections and plaque assays. Plasmids containing foreign genes were transfected into Sf9 cells together with wild-type viral DNA by using the lipofectin precipitation technique (Feigner et al., 1987) . Plaque assays were performed as described previously (Wood, 1977; Tjia et al., 1979) . Infected cells were overlaid with 1.25~ SeaPlaque agarose in PBS diluted with TC-100 plaque medium. After a 3 day infection the culture plates were overlaid with plaque medium containing agarose. Transfection and generation of high-titre SV40-A-HA was performed as described before .
Isolation of recombinant AcMNPV. Six days after cotransfection, the virus titre was determined, and recombinant virus was selected using the dot blot hybridization method described by Pen (1989) . Recombinant occlusion-negative virus could be selected after one round of dot blot hybridization and two rounds of plaque purification.
Metabolic labelling and immunoprecipitation of HA. Two days after infection, Sf9 cells on 3.2cm Petri dishes were incubated with [35S]methionine (100 ~tCi/ml) in TC-100 medium lacking methionine and tryptose. Cells were preincubated with this medium for 2 h before addition of the isotope. Metabolic labelling of CV 1 cells was performed as described before . For labelling with [9, 10 (n)-3H] palmitic acid (500 ~tCi/ml), complete TC-100 medium was used. When labelling was done in the presence of tunieamycin, Sf9 cells were treated with 1 Isg/ml, 2 ~tg/ml or 5 ~tg/ml tunicamycin 2 h before labelling. The cells were then labelled with [3sS]methionine in the presence of 1 Ixg/ml, 2 ~tg/ml or 5 ktg/ml tunicamyein. The radiolabelled cells were washed twice with cold PBS and pelleted cells obtained from a 3-2 cm Petri dish were solubilized in 0.5 ml Triton lysis buffer (200 mM-NaC1, 1 ~ Triton X-100, 10 mM-EDTA, 1 mM-PMSF, 10 mMiodoacetamide, 5000 units aprotinin, 20 mM-MES, 30 mM-Tris). For analysis of secreted protein, medium was removed and mixed with 1/4 volume Triton lysis buffer. Lysates were centrifuged to remove insoluble debris and incubated with HA-specific antisera (1 : 100) and Protein-A-Sepharose (50%, 20 lal per 100 ~tl cell lysate) overnight at 4 °C. The immunocomplexes were then washed three times with Triton lysis buffer, separated by SDS-PAGE on 12% gels, if not indicated otherwise, and analysed by fluorography.
Antisera. The murine monoclonal HA-specific antibodies HC1 and HC2 were kindly provided by Dr A. Hay, National Institute for Medical Research, London, U K . and the polyclonal antisera from rabbits raised against the HA2 subunit (~HAz) by Dr H. Becht, Institute for Virology, Giessen, Germany. A polyclonal antiserum raised against FPV virions (~tFPV) was also obtained from a rabbit.
Sedimentation of HA in sucrose gradients. Sf9 cells infected with recombinant AcMNPV were incubated at 27 °C for 2 days. Cells were labelled with [3sS]methionine (100 ~tCi/ml), and the chase was done in complete TC-100 medium. Cells were washed twice with cold PBS and lysed with 0.4 ml Triton lysis buffer. The lysate obtained from one 3-2 cm Petri dish was centrifuged to remove debris and loaded onto a linear sucrose gradient (5 to 20% w/v). Sucrose solutions contained 100mM-NaC1, 1% Triton X-100, 20mM-MES and 30mM-Tris. Sedimentation was performed in a Beckman SW55 rotor at 45000 r.p.m, for 13 h at 4 °C. Gradients were collected in 11 fractions from the bottom, immunoprecipitated with ~FPV serum and analysed by SDS-PAGE.
Cross-linking. Pulse-chase-labelled lysates from Sf9 cells or CV1 monkey cells infected with recombinant AcMNPV or SV40, respectively, were washed twice with PBS and resuspended in 0.4 ml or 0.5 ml Triton lysis buffer. The cleared lysates obtained from one 3.2 cm Petri dish were centrifuged, and 100 lal or 250 ~tl Triton lysis buffer were treated with 2/.tl or 5 111 40 m~-dithiobis(succinimidylpropionate) (DSP) for 15 min at 15 °C. The reaction was stopped by addition of 2 ~tl or 5 Isl 1 M-NH4HCO ~. The samples were immunoprecipitated using • FPV serum and analysed by SDS-PAGE.
Quantification of HA. Serial dilutions containing 1.64 to 6.56 p.g total protein of infected cell lysates or cell supernatants and serial dilutions from 0.065 to 0.525 ~tg of a purified HA probe as a standard were loaded on a 12% SDS-polyacrylamide gel, subjected to electrophoresis, transferred onto nitrocellulose, and subjected to Western blotting using ~FPV-serum. The blot was photographed and densitometricaUy analysed on a Bio-Rad model 620 video densitometer. The standard probe was obtained by octylglucoside extraction from purified FPV particles.
Results
Expression o f H A mutants with carboxy-terminal truncations
Schematic structures of wild-type HA A ÷ and of the mutants A-and HA~-analysed in the present study are shown in Fig. 1 . A-lacks the carboxy-terminal amino acids including the membrane anchor and the cytoplasmic tail, whereas the entire HA2 subunit is missing from HA~-.
When A-expressed in Sf9 ceils was labelled with [35S]methionine, the uncleaved form and the cleavage products HA 1 and HA2 could be detected, but HA as well as HA2 were smaller than their wild-type counterparts (Fig. 2a) :~ A-HA with deleted 5' non-coding region (21 HA-specific and 18 nucleotides from cloning events).
in agreement with the structure of the mutant gene that encodes a protein 46 amino acids shorter than the wildtype molecule. The observation that, unlike wild-type HA, neither the precursor nor the cleavage products of A -could be labelled with [3H]palmitic acids proves that the deletion is located at the carboxy-terminal end, because we have recently shown that the attachment sites for the acyl groups are located at the cytoplasmic tail of the molecule immediately adjacent to the transmembrane region . When A -was cleaved, HA2 was always present as a triple band. As also shown (Fig. 2b) , the two upper bands could be converted into the lower one by tunicamycin treatment. Thus, it appears that the heterogeneity of HA2 is the result of incomplete glycosylation at its two attachment sites. Fig. 2 (a) shows finally that only HA1 can be detected when mutant HA~ is expressed. This finding confirms the nucleotide sequence data indicating that this mutant is unable to express the entire HA2 fragment.
The expression efficiency of A-, HA~ and A + in Sf9 cells was determined by densitometric analysis of Western blots (Table 1) . Comparison of different expression vectors revealed that the best results for Aexpression were obtained with the vector pAcYM1. The yields obtained with A-Mu27 showed that deletion of the 5' non-coding region did not have the beneficial effect expected. There was no generaldifference in expression yields between complete and truncated HAs. Analysis of H A yields in the medium revealed that most A -is retained in the insect cells. In contrast, HA~ is found in the medium indicating, as further documented below, that it is efficiently secreted. methionine and a chase was done for 2 h. A-was immunoprecipitated using ~FPV serum and subjected to treatment with endoglycosidase F (lane 2) and endoglucosaminidase H (lane 3) (Kuroda et al., 1990) . Lane 1 represents mock treatment. Samples were then analysed by SDS-PAGE and fluorography.
Glycosylation
Insect cells have a limited capacity to process Nglycosidic oligosaccharides. Complex side-chains of the influenza virus HA are therefore replaced by endoglucosamidase H-resistant fucosylated trimannosyl cores when the glycoprotein is expressed in Sf9 cells (Kuroda et al., 1990) . As shown in Fig. 3 , the precursor and the cleavage products of A -are sensitive to endoglycosidase F indicating that the mutant HA is glycosylated. We have no explanation for the incomplete removal of carbohydrate from H A y Treatment with endoglucosaminidase H indicates that a fraction of the uncleaved precursor of A -still contains immature oligomannosidic oligosaccharides, whereas the larger cleavage fragment HA1 has only trimannosyl cores. Similar results have been observed before with wild-type H A (Kuroda et al., 1990) . Unlike A -HA2, however, wild-type HA2 is partly sensitive to endoglucosaminidase H, because it has an oligomannosidic side-chain at Asn 406, believed to be inaccessible to trimming enzymes in the HA trimer (Kuroda et al., 1990) . The complete resistance of HA2 to endoglucosaminidase H, as shown in Fig. 3 , indicates therefore that this kind of steric hindrance does not exist with A-. This finding supports the observation described below that A -does not trimerize (see Glycosylation has also been analysed with mutant HA~-using endoglucosaminidase H and endoglycosidase F. As shown below (see Fig. 10 ), the oligosaccharides of this mutant are also converted to trimannosyl cores if HA~-is transported to the cell surface.
Proteolytic cleavage
The results shown in Fig. 2 and 3 indicate that A-is cleaved into HA 1 and HA2. In order to analyse the kinetics of proteolytic processing the cleavage rates of Aand A ÷ were compared. Sf9 cells infected with recombinant AcMNPV were pulse-chase-labelled, and immunoprecipitated HA was analysed by PAGE. The extent of cleavage observed after various times was then determined by densitometric analysis of cleaved and uncleaved HA (Fig. 4) . The results show that the rate of Acleavage was slow compared to that of full-length HA. In this experiment, 30~ of A-was cleaved after 2 h, whereas the same amount of cleaved A ÷ was observed after 20 min. In other experiments (see Fig. 5 and 7) even lower amounts of cleaved A-were observed. Thus, cleavage of A-appears to vary considerably, and the 
Trimer formation
We have previously shown that full-length HA trimerizes in insect cells more slowly than in vertebrate cells and, as a result, is also transported and cleaved at reduced rates . It was therefore of interest to analyse the oligomeric state of the truncated HA in insect cells. This was done by velocity sedimentation, chemical cross-linking, and by immunoprecipitation with conformation-specific antibodies. Fig. 5 shows the results obtained with pulse-chase labelled HA separated on sucrose density gradients. When A ÷ was analysed, monomers (fractions 6 to 8) as well as trimers (fractions 4 and 5) were observed, with the trimers being present only after the chase (Fig. 5 a, b) . In contrast, even after the chase, only the monomeric form was observed with A- (Fig. 5c, d ). As shown in Fig. 6 , PAGE analysis of cross-linked A ÷ revealed three bands with apparent Mrs consistent with monomers, dimers and trimers. However, neither A-nor HA~-formed oligomers. Even after 3 h chase, they remained in the monomeric form. When analysed under non-reducing conditions without DSP, only monomers were observed. Thus, intermolecular disulphide bonds do not appear to exist. The conformation-specific antibodies comprised the ~FPV serum and the monoclonal antibody HC2, recognizing both the monomeric and the trimeric forms of the HA, the monoclonal antibody HC1 binding only to trimeric HA, and ~HA2 serum, recognizing predominantly monomers. Using these antibodies, pulse-labelled HA was immunoprecipitated after various chase periods (Fig. 7) . As described before , with increasing chase lengths A + became less precipitable by ~HAz and more precipitable by HC1, indicating that trimerization occurred. In contrast, the trimer-specific antibody HC1 was unable to recognize A-even after a 60 min chase. On the other hand, A-was precipitated by ~HA 2 throughout the experiment. When HA~ was subjected to the same procedure, it was precipitated by ~FPV and HC2, but not by HC1. Lacking the HA2 fragment, HA~-was not recognized by 0tHAz either. The results taken together indicate that, unlike A ÷, A-and HA~ are unable to trimerize, but persist as monomers. We have speculated before that specific features of the insect cell expression system, such as the acidic culture medium or the atypical glycosylation, may be responsible for impaired HA trimerization . It was therefore of interest to analyse oligomerization of truncated HA invertebrate cells; we have expressed Ain CV1 cells using an SV40 vector followed by crosslinking. As shown in Fig. 8 , A-is also unable to trimerize in vertebrate cells, whereas A ÷ does. Thus, it is clear that inability to trimerize is a genuine property of truncated FPV HA and not due to the expression system.
Secretion into cell culture medium
To monitor secretion of A-in Sf9 cells, infected cells were pulse-labelled. After chase periods of 2, 4 or 7 hours, HA was immunoprecipitated from cell lysates and from supernatants using ctFPV serum (Fig. 9) . Depending on the labelling conditions, uncleaved and cleaved A-could be detected in the cells, and the amount of total cell-bound HA did not significantly decrease throughout the experiment. When determined by densitometric analysis, even after a 7 h chase less than 5 ~ of the total HA was found in the medium (Table 1) . Thus, A-was almost completely retained in the cell. A-could not be detected in the extraceUular fraction of CV1 cells either, indicating that the secretion defect does not depend on the expression system. In contrast, a similar pulse-chase experiment revealed that HA~ was efficiently secreted (Fig. 10) . Secretion was observed after 30min. As indicated by densitometric analysis, it occurred with a half time (tl/2) of about 120 min, and more than 75 ~ of total HA~-were found in the medium after extended chase periods (Table 1 ). Fig. 10 shows also that HA~-present in the medium became resistant to endoglucosaminidase H, indicating that it was released via the normal secretory pathway. HA~-became resistant to endoglucosaminidase H with a tl/2 similar to that of its appearance in the medium.
To determine whether cell-bound A-is associated with membranes, microsomes of cells expressing Awere subjected to alkali treatment followed by ultracentrifugation, a procedure commonly used to separate integral membrane proteins in the pellet from peripherally associated and soluble proteins in the supernatant (Parks et al., 1989) . The view that A-behaves as an integral membrane protein was supported by the fact that 8 2~ of A-was found in the pellet fraction.
Discussion
The present study has been initiated in an attempt to express the FPV HA in a soluble form in insect cells. To this end, two HA mutants lacking hydrophobic domains have been analysed. Soluble HA has been obtained when mutant HA~-has been used, a truncated HA lacking not 3) and medium (lanes 4 to 6) was immunoprecipitated using ctFPV serum and treated with endoglycosidase F (lanes 2 and 5), endoglucosaminidase H (lanes 3 and 6) or mocktreated (lanes 1 and 4) (Kuroda et al., 1990) . Samples were separated by SDS-PAGE and analysed by fluorography.
only the carboxy-terminal membrane anchor but also the fusion peptide. HA~ was secreted with high efficiency, but with slower kinetics (tl/2 120 min) than observed for soluble HA expressed in vertebrate cells (h/2 60 min) (Singh et al., 1990) . The latter finding can probably be explained by the reduced temperature at which proteins are expressed in insect cells. Conversion of HA into a secreted protein did not result in significantly increased expression yields, nor did it extend the survival time of the insect cells used for expression. Unexpected results were obtained when mutant Alacking only the carboxy-terminal membrane anchor was analysed. Like HA~, A-was unable to form oligomers. Since trimers could be observed neither by density gradient centrifugation nor in studies employing chemical cross-linking or conformation-specific antibodies, it appears that, rather than being unstable, they are never formed. Unlike HA~, however, A-was retained in the cell. A substantial fraction was unable to leave the ER as indicated by its sensitivity to endoglucosaminidase H and its presence in the uncleaved form. A small fraction of A-was frequently found to be cleaved and endoglucosaminidase H-resistant. This mutant can therefore enter the Golgi apparatus where it is still present in monomeric form as indicated by the marker oligosaccharide at Asn 406. Our failure to detect A-at the cell surface by haemadsorption or immunofluorescence may be due to functional and antigenic deficiencies and does not exclude the possibility that this truncated HA arrives at the cell surface. Clearly however, only negligible amounts of A-were found in the medium. Thus, A-can enter the intracellular transport route, but with significantly lower efficiency than HA~ and wild-type HA .
Since A-is not secreted, the question arises whether it is bound to cellular membranes or whether it is retained within ceils as an insoluble aggregate. Solubilization of A-with non-ionic detergents suggests the former possibility. On the other hand, we have obtained no evidence for aggregate formation or intermolecular disulphide bonds as they have been reported for misfolded non-glycosylated A-expressed in vertebrate cells (Singh et al., 1990) . Furthermore, the A-aggregates observed in vertebrates were associated with immunoglobulin binding protein BiP/GRP78 (Singh et al., 1990) . Although BiP/GRP78 analogues are also believed to exist in Sf9 cells (Jarvis et al., 1990) , we have obtained no evidence that A-was associated with these analogues after expression in Sf9 cells. These observations taken together indicate that A-is retained in cells not as an insoluble aggregate, but as an integral membrane protein.
The observation that the carbohydrate attachment sites on HA1 as well as on HA2 are glycosylated indicates that the entire polypeptide is translocated with the amino-terminal as well as the carboxy-terminal ends exposed in the cisternae of the ER and Golgi apparatus. Since A-lacks the carboxy-terminal membrane anchor and since, as indicated by the solubility of HA~-and the correct membrane insertion of A ÷, the amino-terminal signal sequence has also been removed, membrane insertion must be mediated by the fusion peptide as the only hydrophobic domain left. That HA can attach to liposomes by the fusion peptide has been shown before using H3 ectodomains exposed to low pH, but in these experiments cleaved HA with a free amino terminus on HA2 was used (Doms et al., 1985) , and it has indeed been postulated that fusion peptides are sufficiently hydrophobic to serve as membrane anchors only after cleavage activation (Paterson & Lamb, 1987) . Our data show, however, that the fusion peptide of the H7 HA can exert this function also in the uncleaved precursor. This suggests that the H7 precursor may undergo specific conformational changes exposing the fusion peptide sequence that is not possible with other HAs. The mechanism by which the specific membrane orientation of A-is accomplished is not clear. It is conceivable that, after translocation of HA1, the fusion peptide is arrested in the membrane followed by translocation of HA2. Alternatively, the entire polypeptide may first be present as a soluble protein in the lumen of the ER and then attach to the membrane. At present, we cannot discriminate between these possibilities.
We show here that trimerization of A-is impaired in Sf9 as well as CV-1 cells. Impairment is therefore not due to the insect cell expression system, but is a genuine property of the truncated FPV HA. Trimer formation is mediated by intersubunit interactions in the globular head, at the tip of the large stalk helix (Wiley et al., 1981) , and in the membrane anchor domain . The absolute requirement of the membrane anchor for trimerization as indicated in the present study appears to be a specific property of the H7 HA since with other serotypes ectodomains may contain enough information to hold trimers together. Thus A-of strain A/Japan/305/57 (H2) leaves the ER as monomer, but trimerizes in the Golgi apparatus (Singh et al., 1990) . Aof strain X31 (H3) does not trimerize (Singh et al., 1990) , but trimers of this HA are still present when the transmembrane domain is removed from full-length HA by bromelain treatment (Wiley et al., 1981) . These observations indicate that trimerization of the FPV HA requires subunit interactions at all contact sites, whereas with H2 and H3 HAs this is accomplished by close apposition at some sites. Thus, it appears that the monomers of the FPV HA differ from those of other HAs by having higher flexibility.
Furthermore, unlike FPV A-, X31 A-and Japan Aare both secreted (Singh et al., 1990) . Thus, the fusion peptide of the uncleaved HA can serve as a membrane anchor only in the case of FPV but not with the other strains. These observations again support the concept that the monomers of the FPV HA are particularly flexible and undergo conformational changes more readily than other HAs allowing interaction of the fusion peptide with membranes.
